It has long been recognized that vitamin D plays an important role in calcium homeostasis and bone health. More recent evidence supports a role of vitamin D in physical performance and strength through direct effects on muscular function (1, 2), as well as indirectly through its reported roles in cardiovascular disease, diabetes mellitus, hypertension, pulmonary function, and osteoarthritis (3), conditions that frequently lead to declines in physical performance and strength (4). Poor physical performance and muscle weakness have been associated with low 25-hydroxyvitamin D (25(OH)D) concentrations among older adults in crosssectional studies (5-11). Nevertheless, longitudinal studies examining 25(OH)D and change in physical performance and strength have been inconsistent, with some studies
It has long been recognized that vitamin D plays an important role in calcium homeostasis and bone health. More recent evidence supports a role of vitamin D in physical performance and strength through direct effects on muscular function (1, 2) , as well as indirectly through its reported roles in cardiovascular disease, diabetes mellitus, hypertension, pulmonary function, and osteoarthritis (3) , conditions that frequently lead to declines in physical performance and strength (4) . Poor physical performance and muscle weakness have been associated with low 25-hydroxyvitamin D (25(OH)D) concentrations among older adults in crosssectional studies (5) (6) (7) (8) (9) (10) (11) . Nevertheless, longitudinal studies examining 25(OH)D and change in physical performance and strength have been inconsistent, with some studies showing greater declines in physical performance and strength and others finding no association (12) (13) (14) (15) (16) .
The Institute of Medicine recently concluded that a 25(OH)D concentration of ≥50 nmol/L was adequate for bone (to convert to ng/mL, divide by 2.496) but that insufficient scientific evidence existed to support recommendations for outcomes unrelated to bone health (17) . However, others have suggested that 25(OH)D be maintained in the range of 75-80 nmol/L or greater for health outcomes other than bone (18) (19) (20) . Low 25(OH)D is common in older adults, with approximately one-third and three-fourths of community-dwelling adults aged ≥70 years having 25(OH)D concentrations of <50 nmol/L and <75 nmol/L, respectively, in the National Health and Nutrition Examination Survey (2000) (2001) (2002) (2003) (2004) (21) . Whether 25(OH)D ≥50 nmol/L, suggested as adequate by the Institute of Medicine for bone health, is optimal for physical performance and strength has not been tested formally.
The primary objectives of these analyses were to determine the optimal 25(OH)D thresholds for physical performance and strength and to examine the cross-sectional and longitudinal associations between 25(OH)D and physical performance and strength over 4 years of follow-up with data from the Health, Aging, and Body Composition (Health ABC) Study. Because 25(OH)D also can affect muscle function indirectly via hyperparathyroidism secondary to low 25(OH)D (22) , the role of parathyroid hormone (PTH) as a potential mediator was also examined.
MATERIALS AND METHODS

Study population
Data for this analysis were from the Health ABC Study, a prospective cohort study investigating the associations between body composition, weight-related health conditions, and incident functional limitations in older adults. The Health ABC study enrolled 3,075 community-dwelling black and white men and women aged 70-79 years between April 1997 and June 1998. Participants were recruited from a random sample of white Medicare-eligible residents and from all black Medicare-eligible residents in the Pittsburgh, Pennsylvania, and Memphis, Tennessee, metropolitan areas. Participants were eligible if they reported no difficulty walking one-fourth of a mile (0.4 km), climbing up 10 steps, or performing basic activities of daily living; were free of life-threatening illness; planned to remain in the geographic area for at least 3 years; and were not enrolled in lifestyle intervention trials. All participants provided written informed consent, and all protocols were approved by the institutional review boards at both study sites.
Participants attending the year 2 clinic visit (1998-1999), when 25(OH)D was measured, served as the baseline population for this analysis (n = 2,732). Participants who lacked 25(OH)D measurements (n = 23) and those who were missing data on pertinent covariates were excluded (n = 68), for a cross-sectional analysis sample of 2,641 participants. An additional 334 participants who lacked follow-up clinic visits at either year 4 or year 6 were excluded, for a longitudinal analysis sample of 2,307 participants.
Physical performance and strength
The Short Physical Performance Battery (SPPB) was administered to assess lower-extremity physical performance (23) . The SPPB consisted of standing balance tasks (sideby-side, semi-tandem, and full-tandem stands for 10 seconds each), time to complete 5 repeated chair stands, and a 6-m walk to assess usual gait speed. Each of the 3 performance measures was assigned a score ranging from 0 (inability to perform the task) to 4 (the highest level of performance), and scores were summed to create an SPPB score ranging from 0 to 12 (best). In addition, a modified physical performance battery, the Health ABC Physical Performance Battery (Health ABC PPB), was administered to minimize ceiling effects of the SPPB (24) . The Health ABC PPB battery increased the holding time of the standing balance tasks to 30 seconds and added a single-leg stand and a narrow 6-m walk test of balance. Health ABC PPB scores are continuous and range from 0 to 4, with higher scores indicative of better performance. The SPPB and Health ABC PPB were administered in years 1, 4, and 6.
Usual walking speed over 20 m and walking endurance over 400 m were measured in years 2, 4, and 6 (25) . The course was 20 m long and marked by cones at each end. The first part consisted of a 2-minute warm-up walk in which participants were instructed to "cover as much ground as possible." The second part consisted of a 400-m walk, with participants instructed to "walk as quickly as possible at a pace you can maintain," and time to complete the 400-m walk was recorded. Heart rate was monitored continuously with the Polar Pacer (model no. 61190; Woodbury, New York). Participants were excluded from the 400-m walk if they had potentially acute electrocardiographic abnormalities, blood pressure ≥200/110 mm Hg, or resting heart rate <40 or >120 beats per minute or if they reported a recent cardiac event or procedure or new or recent worsening cardiac symptoms. The walking endurance test was terminated if the participant's heart rate exceeded 135 beats per minute or if the participant was unable to continue because of pain, fatigue, or any other symptom.
Knee extensor strength was measured with an isokinetic dynamometer (Kin-Com dynamometer, model 125 AP; Chattecx Corporation, Chattanooga, Tennessee). The right leg was tested unless contraindicated by knee pain or knee replacement. Isokinetic knee strength was measured concentrically from 90°to 30°at 60°per second in 3-6 trials, with strength calculated as the mean maximal torque (nm) from the 3 best trials in years 2, 4, and 6. Participants with uncontrolled hypertension, history of brain aneurysm or stroke, bilateral knee replacement, or severe bilateral knee pain were excluded from testing. For longitudinal analyses, the same leg was tested unless contraindicated. Relative knee extensor strength was calculated by taking the ratio of knee extensor strength to kilograms of lean mass in the tested leg obtained at each clinic visit by dual-energy x-ray absorptiometry (Hologic 4500A, version 8.20a; Hologic Inc., Waltham, Massachusetts).
Grip strength (kg) was measured twice in each hand with an isometric Jamar Hydraulic Hand Dynamometer (Sammons Preston, Bolingbrook, Illinois). Grip strength was assessed in years 2, 4, and 6, and the maximum force from 2 trials for the stronger hand was used in the analyses. Participants with severe hand pain or recent surgery were excluded. For longitudinal analyses, the same hand was used unless contraindicated.
Assessment of 25(OH)D and PTH
At the year 2 clinic visit, fasting blood samples were collected in the morning after a 12-hour fast, centrifuged, and stored at −80°C. Serum 25(OH)D was measured with a 2-step radioimmunoassay (25-Hydroxyvitamin D 125I RIA Kit; DiaSorin, Inc., Stillwater, Minnesota) in a laboratory meeting the Vitamin D External Quality Assessment Scheme quality criteria. Intact PTH was measured in plasma with a 2-site immunoradiometric assay kit (N-tact PTHSP; DiaSorin). The interassay coefficients of variation for serum 25(OH)D and plasma PTH were 6.8% and 8.6%, respectively. Serum 25(OH)D was categorized as <50 nmol/L, 50-<75 nmol/L, and ≥75 nmol/L on the basis of recently recommended cutpoints (20, 26) .
Potential confounders
Demographic characteristics (age, gender, race, and education), smoking status, alcohol intake, and physical activity were ascertained by interviewer-administered questionnaires. Physical activity was based on the reported time spent walking for exercise or other walking (e.g., for transportation) over the prior 7 days. Body mass index (BMI; weight (kg)/height (m) 2 ) was calculated from measured weight and height. The season during which the blood sample was obtained was included to account for seasonal effects on 25(OH)D and PTH. Participants were asked to bring all medications and supplements they were currently taking to their clinic visit. Supplements containing more than 3 vitamin or mineral ingredients were considered multivitamins. Vitamin D-containing supplements were defined as supplements containing ≤3 ingredients, one of which was vitamin D. Depressive symptoms were measured with the 20-item Center for Epidemiologic Studies Depression Scale (27) . The Modified Mini-Mental State Examination was used as an indicator of general cognitive status (28) . Glomerular filtration rate was estimated from serum creatinine according to the Modification of Diet in Renal Disease formula. Knee pain, as an indicator of knee osteoarthritis, was assessed by self-report. The prevalence of diabetes, cardiovascular disease (CVD; coronary heart disease or stroke), chronic obstructive pulmonary disease (COPD), and hospitalizations in the prior year was determined with the use of algorithms based on self-report and medication use at study baseline and on adjudicated events during follow-up. Education, smoking status, depressive symptoms, cognitive function, and estimated glomerular filtration rate were measured at the baseline clinic visit; all other covariates were measured at the year 2 clinic visit when 25(OH)D was measured.
Statistical analyses
The association between 25(OH)D category (<50 nmol/L, 50-<75 nmol/L, or ≥75 nmol/L) and participant characteristics was analyzed with chi-squared tests for categorical variables and analysis of variance for continuous variables. Piecewise regression models were used to determine 25(OH)D thresholds for physical performance and strength at baseline, with adjustment for age, gender, race, site, season, BMI, and kidney function. A likelihood ratio test was used to compare the fit of the piecewise regression model with a straight-line fit to determine whether a 25(OH)D threshold existed. A test of the slopes above and below the 25(OH)D threshold from the piecewise regression models indicated whether there was a significant association between 25(OH)D and physical performance and strength. Separate intercepts and thresholds were also fitted by race, gender, season, and BMI to determine whether the 25(OH)D threshold differed by gender, race, winter season, or obesity status (BMI ≥30).
Linear regression models were used to examine the cross-sectional associations between 25(OH)D and physical performance and strength. Mixed models were used to examine the associations between 25(OH)D and change in physical performance and strength over 4 years of followup and to test whether change over time differed by baseline 25(OH)D by including a 25(OH)D-by-time interaction term in the model. Two-way interactions between gender and 25(OH)D and between race and 25(OH)D at baseline were tested but were not significant. Thus, physical performance and strength measures are presented for the total sample. Models were first adjusted for age, gender, race, site, education, and season. Additional models also adjusted for smoking status, alcohol intake, physical activity, BMI, kidney function, cognitive function, depressive symptoms, diabetes, CVD, COPD, knee pain, hospitalization in the past year, multivitamin use, and vitamin D supplementation. In longitudinal analyses, time-varying covariates were included for physical activity, BMI, depression, diabetes, CVD, COPD, knee pain, and hospitalizations in the past year. Finally, a model that included both 25(OH)D and PTH was examined. All analyses were conducted in SAS, version 9.1 (SAS Institute, Inc., Cary, North Carolina), and a 2-sided alpha level of 0.05 was considered significant.
RESULTS
The mean age of the study population was 74.7 years, 51% were women, and 38% were black. Participants who attended the year 2 clinic visit but were excluded from cross-sectional analyses (n = 91) were more likely to be black, from Memphis, and current smokers and to have lower cognitive function and Health ABC PPB scores (all P's < 0.05). Participants excluded from the longitudinal analyses (n = 425) were more likely to be older, male, black, from Memphis, sedentary, and current smokers and to have less than a high school education, higher BMI, lower Health ABC PPB scores, and lower 25(OH)D levels (all P's < 0.05). The descriptive characteristics of the study population by 25(OH)D are shown in Table 1 At baseline, a threshold model was tested to determine the 25(OH)D thresholds for physical performance and strength (Table 2 ). In general, the 25(OH)D thresholds for * P < 0.05; **P < 0.01; ***P < 0.001 (difference from 25(OH)D ≥75 nmol/L when P < 0.05 for the overall model). a Linear regression models adjusted for age, gender, race, education, site, and season (model 1) and for age, gender, race, education, site, season, smoking status, alcohol consumption, physical activity, body mass index, multivitamin and vitamin D-containing supplement use, kidney function, cognitive function, depressive symptoms, diabetes mellitus, cardiovascular disease, chronic obstructive pulmonary disease, knee pain, and prior hospitalization (model 2).
b SPPB and Health ABC PPB scores were assessed in 1997-1998. Table 3 . In models adjusted for demographic factors, site, and season, 25(OH)D was associated with all physical performance and strength measures. Participants with 25(OH)D <50 nmol/L had significantly poorer physical performance (P < 0.001), slower gait speed (P < 0.001), and lower knee extensor and grip strength (P < 0.05) than those with 25(OH)D ≥75 nmol/L. Among the individual physical performance battery tasks, standing balance time and gait speed were associated with 25(OH)D (P < 0.0001 for both). After further adjustment for health behaviors and chronic conditions, the associations were attenuated but remained significant for the Health ABC PPB score, 20-m and 400-m gait speed, and grip strength. Results were similar after further adjustment for PTH (data not shown).
Longitudinal associations between baseline 25(OH)D and physical performance and strength over 4 years of follow-up are shown in Table 4 . In models adjusted for demographic factors, site, and season, baseline 25(OH)D was associated with the SPPB score, Health ABC PPB score, and 20-m and 400-m gait speed at baseline and 2 and 4 years later. Participants with baseline 25(OH)D <50 nmol/L had poorer physical performance and slower gait speed at each time point than did those with 25(OH)D ≥75 nmol/L (P < 0.01 for all). Among the individual physical performance battery tasks, standing balance time and gait speed were associated with baseline 25(OH)D at baseline and 2 and 4 years later (P ≤ 0.0001 for all), but chair stand time was associated with baseline 25(OH)D only 2 and 4 years later (P < 0.05). After adjustment for health behaviors and chronic conditions, the association between 25(OH)D and physical performance at each time point was attenuated but, in general, remained significant for the SPPB score, Health ABC PPB score, and 400-m gait speed. With the exception of knee extensor strength at baseline (P < 0.05), baseline 25(OH)D was not associated with knee extensor or grip strength over 4 years of follow-up. Physical performance and strength declined significantly over 4 years (P < 0.0001), but, with the exception of the SPPB (25(OH)D-by-year interaction (P ≤ 0.01), change in physical performance and strength was not associated with baseline 25(OH)D (Figure 1 ). Results were similar after further adjustment for PTH (data not shown).
DISCUSSION
In this community-dwelling cohort of older, initially wellfunctioning white and black men and women, physical performance increased up to 25 Although the Institute of Medicine (17) has suggested that 25(OH)D ≥50 nmol/L is adequate for bone health, others have suggested that the optimal 25(OH)D concentration for health conditions other than bone could indeed be higher (18) (19) (20) . We found that, in general, physical performance and strength increased in persons with 25 Vitamin D plays an important role in skeletal muscle function through its regulation of calcium transport, uptake of inorganic phosphate for the production of energy-rich phosphate compounds, and protein synthesis in the muscle (2) . In addition, the association of vitamin D with physical performance and muscle strength might be mediated by PTH. Vitamin D deficiency is a recognized cause of secondary hyperparathyroidism (22) . Previous studies have shown elevated PTH to be associated with poorer physical performance and lower strength (8, 10, 30, 31) . Furthermore, administration of PTH increases protein catabolism, decreases the number of type 2 muscle fibers and intracellular energy-rich phosphate compounds, and decreases mitochondrial oxygen uptake in animal models (22, 32) . In the present study, 25(OH)D was associated with physical performance over 4 years of follow-up. Furthermore, the associations between 25(OH)D and physical performance were similar after inclusion of PTH in the model, which suggests independent roles of low 25(OH)D and elevated PTH.
A major strength of these analyses is the use of data from the Health ABC cohort study, a large study of wellcharacterized, community-dwelling older adults, which has excellent retention and a comprehensive set of relevant covariates. Nevertheless, some features of Health ABC limit the generalizability of these findings. Well-functioning participants were recruited; thus, these results may not be generalizable to the general older population. Participants who were excluded because they lacked follow-up visits had lower baseline 25(OH)D concentrations and poorer physical performance, which likely would have attenuated the observed results. Blood samples were collected in 1998-1999, when the use of individual vitamin D supplements was less common and the vitamin D content of multivitamins was low, likely resulting in lower 25(OH)D concentrations than would be found currently. Serial measures of 25(OH)D are not available in Health ABC; thus, we were unable to account for changes in 25(OH)D over time. Although it is biologically plausible that low 25(OH)D could result in poorer physical performance and lower strength, the observational nature of this study did not allow us to evaluate a causal association between 25(OH)D and physical performance and strength.
In conclusion, the 25(OH)D threshold for physical performance in this initially well-functioning, communitydwelling population of older adults was 70-80 nmol/L, with slightly lower 25(OH)D thresholds for strength of 55-70 nmol/L. These findings are consistent with recommendations for 25(OH)D concentrations of 75-80 nmol/L or higher for health-and function-related outcomes other than bone health (18) (19) (20) . Furthermore, low 25(OH)D was associated with poorer physical performance over 4 years of follow-up. Although lower 25(OH)D concentrations were not associated with a greater rate of decline in physical performance, individuals with low 25(OH)D had poorer physical performance at each time point studied and thus were likely to cross the physical disability threshold earlier than individuals with higher 25(OH)D concentrations.
Recently, low 25(OH)D was shown to increase the risk of incident mobility disability, a subjective measure of difficulty in walking one-fourth of a mile or up 10 steps, over 3 years of follow-up (33) . Definitive trials of vitamin D supplementation in individuals with low 25(OH)D concentrations are needed to determine whether increasing 25(OH)D will improve function in older adults or slow the agerelated decline in physical performance and strength to delay or prevent the onset of disability among older adults.
